Transient diode laser absorption spectroscopy has been used to measure three strong vibronic bands in the near infrared spectrum of the C 2 H, ethynyl, radical not previously observed in the gas phase. The radical was produced by ultraviolet excimer laser photolysis of either acetylene or (1,1,1)-trifluoropropyne in a slowly flowing sample of the precursor diluted in inert gas, and the spectral resolution was Dopplerlimited. The character of the upper states was determined from the rotational and fine structure in the observed spectra and assigned by measurement of ground state rotational combination differences. (2004)), the vibronic character of these levels was also assigned. The observed states contain both X 2 Σ + and A 2 Π electronic character. Several local rotational level perturbations were observed in the excited states. Kinetic measurements of the time-evolution of the ground state populations following collisional relaxation and reactive loss of the radicals formed in a hot, nonthermal, population distribution were made using some of the strong rotational lines observed. The case of C 2 H may be a good place to investigate the behavior at intermediate pressures of inert colliders, where the competition between relaxation and reaction can be tuned and observed to compare with master equation models, rather than deliberately suppressed to measure thermal rate constants.
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I. INTRODUCTION
The C 2 H radical (ethynyl) is an intermediate of significant importance in the chemistry of hydrocarbon combustion, particularly in acetylene-air mixtures. 1, 2 It is also related to the substituted ethynyl species which are the crucial intermediates in the hydrogen abstractionacetylene addition (HACA) mechanism that leads to the formation of polyaromatic ring species on the way to soot in fuel rich environments. [3] [4] [5] Recently, a HACA-like mechanism has also been invoked to explain the growth of single-walled carbon nanotubes in low temperature catalyzed-chemical vapor deposition syntheses using acetylene and inert gas flowing over mildly heated metal-containing catalysts. In this model, the adsorbed C 2 H intermediate acts as a continuously regenerated "catalyst" in the process.
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The radical was one of the earliest molecules identified in interstellar space via its microwave spectrum. 9 Models of interstellar chemistry 10, 11 invoke reaction pathways involving C 2 H to explain the presence of polyaromatic hydrocarbons (PAHs) in the interstellar and star-formation regions in space. Finally, investigations of the atmosphere of Titan, a moon of Saturn, have shown that photochemistry in its upper atmosphere leads to significant concentrations of polyynes, assumed to be produced in similar reaction sequences to those involved in the terrestrial formation of PAHs and soot, and including ethynyl-like intermediates in a chain reaction synthetic pathway. [12] [13] [14] In support of the extensive reaction network modeling in multiple environments, rate constants have been measured for reactions of ethynyl radicals with various partners over a range of temperatures.
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Following the astronomical observation of the ethynyl radical, 9 the gas-phase microwave spectrum was recorded and the molecular structure determined in the 1980's. [26] [27] [28] Prior to this, laboratory observations had been limited to work in low temperature matrices.
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The infrared spectrum of the radical is complicated by the presence of a low-lying A 2 Π excited electronic state which splits due to the Renner-Teller effect. The three resulting electronic surfaces are vibronically coupled, so the vibrationally excited levels of the ground X 2 Σ + state all contain some A-state character. The Curl 31-37 group reported extensive work on the infrared spectrum in the 3µm (C-H stretching) region and Hirota 38-40 recorded and analyzed the spectrum in the C-C stretching region and identified hot bands originating in the low frequency bending vibrational mode. All observed infrared spectra showed effects resulting from the strong vibronic interactions and local J-dependent perturbations due 2 to background levels derived from combinations of lower frequency modes. Many more spectroscopic studies were reported in subsequent years and Pfelzeret al. 41 survey the work up to the mid 1990's.
Detailed understanding of the vibronic interactions leading to the observed spectra has relied upon ab initio methods to label the vibronic levels observed and to guide assignments, particularly at higher internal energies. 
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Both the calculations 44 and matrix spectrum 45 show that the most intense bands in the entire infrared and near-infrared spectra of the radical lie around 7100 cm −1 or 1.4 µm. The vibronic levels at this energy are strongly mixed, but derive much of their intensity from the near-vertical transition to the A (0,0,2) state, in a region of spectrum where no gas phase spectra have yet been reported. We expect that the spectra in this wavelength region will be advantageous for kinetic or non-intrusive remote sensing applications. In addition to the strength of these near-infrared transitions, efficient spectroscopic sources and detectors are available at these wavelengths, and optical fibers are well suited for coupling probe radiation in and out of the sample. In this work, we report measurements of the C Using the newly assigned bands, we report the results of our investigation into pressuredependent kinetics of state-resolved relaxation in competition reaction with two C 2 H precursors: C 2 H 2 and CF 3 C 2 H. The vibronic relaxation appears to be slower than has often been claimed.
II. EXPERIMENTAL DETAILS
The transient absorption spectra were recorded using a spectrometer very similar to that described previously. 
III. RESULTS AND ANALYSIS
A. Spectroscopy
Results
Initial spectroscopic searches for the strong bands observed in the low temperature matrix spectrum 45 and predicted by Tarroni and Carter 44 were carried out by photolysis of a slowly flowing sample of CF 3 C 2 H in Ar at 193 nm. Transient absorption bands presumed to be due to C 2 H were detected throughout the search region. Further support for the attribution of absorption lines to C 2 H was obtained by observing some of the same lines in spectra using C 2 H 2 as the photolytic precursor. Spectra recorded immediately following the photolysis pulse were much more complicated than spectra at longer delay times, which we attribute to collisional cooling of an initially formed hot distribution. The time development of signals in samples containing C 2 H 2 was quite different to that observed with CF 3 C 2 H, as might be expected due to differences in absorption cross section, quantum yields for C 2 H, the initial state distributions, relaxation kinetics, and rates of reaction with the precursors.
Some further kinetic investigations are presented below, but for the purposes of the spectroscopic studies, CF 3 C 2 H was found to provide larger signals and simpler spectra after partial relaxation, when compared to C 2 H 2 samples. Therefore, all of the subsequent spectroscopic measurements were made using CF 3 C 2 H precursor in Ar.
Examples of a section of the observed spectra near 7125 cm −1 at short and long time delays with the CF 3 C 2 H precursor are shown in Figure 1 . This spectrum was obtained by averaging 40 photolysis laser shots per wavelength step (typically 0.005 cm −1 ) in a 1:1 mixture of CF 3 C 2 H and argon at a total pressure of 1.0 Torr. Figure 1 (a) shows a complex C 2 H spectrum at zero time delay following the photolysis pulse with a time gate of 1.0 µs.
After a 3.6 µs time delay, the congestion is substantially reduced, leaving a much simpler spectrum, as shown in Figure 1 (b). Two branches, each with a bandhead, can be identified and assigned to R 1 and R 2 branches of a 2 Π ← 2 Σ + band. Perturbations starting at R 2 (15.5) and R 1 (16.5) are also evident in Figure 1 . 
Analysis
The 2 Σ + rotational Hamiltonian can be written as:
leading to the energy level expression:
The B , D , and γ rotational and spin-rotational ground state constants were fixed to the literature values 27 .
The energies for the 2 Π state were modeled by including the spin-orbit interaction (A), rotational constant (B) quartic centrifugal distortion correction (D), the spin-rotation (γ), and the Λ-doubling (p + 2q). In the Hund's case (a) basis limit, the effective Hamiltonian for the 2 Π state is 56 :
In equation 3,Ĵ ± andŜ ± are the shift operators ofĴ, the total angular momentum in the absence of nuclear spin, and ofŜ, the total electron spin, and φ is the azimuthal coordinate of the unpaired electron. The energies of the 2 Π state were determined by numerical diagonalization of the Hamiltonian matrix representation of dimension 4x4 constructed in a sequentially coupled, non-parity conserving Hund's case (a) basis set. The energy levels can be modeled using either the Hund's case (a) basis set, which is a good approximation for the low-rotational levels or Hund's case (b) basic set, which is better for higher rotational levels (N ≥ 11). The calculated energy levels are the same in both Hund's case (a) and case (b) limits.
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In the 2 Σ + ← 2 Σ + band at 7088 cm −1 , 80 transition wavenumbers were identified via combinational differences using the ground state parameters constants of Gottlieb et al.
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However, only 32 transition wavenumbers were entered directly into the fit to the upper state parameters, due to multiple perturbations in the upper state energy levels. Deviations in excess of 0.015 cm −1 , more than three times the measurement error, were considered evidence of local perturbations strong enough to exclude a measured transition from the fit. The measured line centers are presented in Table I , along with the assignments and differences between the calculated and observed transition wavenumbers. Similarly, 66 transition wavenumbers in the 2 Σ + ← 2 Σ + band at 6696 cm −1 were identified by combination differences using the same ground state parameters, and 49 transition wavenumbers were used in the fit. The line centers are presented in Table IV .
B. Kinetics
The transient absorption of C 2 H transitions for different photolytic precursors and buffer gas pressures offers a view of the competition between collisional thermalization and reactive loss. Torr superficially resembles the expectations of slower vibrational relaxation. When the vibrational relaxation cascade is no longer rapid compared to the reactive loss, the observed decay rate will no longer be a measure of the reaction rate, as the relaxation will continue to provide a delayed source of radicals in the probed energy level. The absolute amplitudes tell an additional story, however. If the changing Ar pressure only affected the thermalization rate, and the reaction rate depended only on the constant partial pressure of CF 3 C 2 H, the observed time dependence would be described by an exponentially decaying total population of C 2 H times a monotonically increasing, time-dependent fractional population in the detected state. A signal probing C 2 H (0,0,0) at low Ar pressure could never exceed the signals at higher Ar pressure under these conditions, contrary to our observations. The most likely explanation appears to be that the unrelaxed population in higher energy states does not react as rapidly as the thermalized C 2 H radicals, so that delayed relaxation extends the lifetime of the total C 2 H radical pool.
A selection of R-branch lines probing rotational states from N =4 to N =15 in the 7088 cm −1 band were measured to assess the time-dependent rotational distributions, and to test for the possibility of high rotational states affecting the kinetics. For a 1% mixture of CF 3 C 2 H in Ar at 5 Torr, the normalized time-dependent signals were superimposable throughout the rise and fall, as one would expect for rotational thermalization faster than the µs time scale. A plot of the data is included in the supplementary material, Figure   S1 . We note that the apparent temperature of the stationary rotational distribution would be 270 ± 10 K if the rotational line intensities are interpreted with unperturbed line strength factors. The apparently colder than ambient rotational temperature can be explained by an increasing rotational mixing with spectroscopically dark levels at higher J. We have modeled this interaction and confirmed that a mixing coefficient defined as a fractional contribution of dark state wavefunction of 3.5 × 10 −4 , when combined with this J−dependence, accounts the observed reduction in the intensity of the higher J lines in the band.
An analogous but contrasting set of pressure dependent measurements in Argon/acetylene mixtures is illustrated in Figure 5 . As with CF 3 C 2 H, increasing the Ar partial pressure at fixed precursor pressure makes the signal rise more quickly to a larger maximum and a faster decay. Higher pressures are required to reach a limiting decay rate, which at 10 Torr, is still about 30% slower than expected, given the 50 mTorr partial pressure of C 2 H 2 and a room temperature rate constant of 1. The differences between CF 3 C 2 H and C 2 H 2 can be further illustrated by comparing the growth and decay of an absorption signal originating in the vibrationless state of C 2 H with an unassigned hot band line observed at 7111.470 cm −1 with either precursor. This line was illustrated in Figure 2 , and is typical of many, observed to decay quickly as the ground state lines grew in. A striking difference in the relative intensities of prompt and delayed spectra under the high concentration conditions initially used to investigate the spectroscopy was one of the observations that led us to the current kinetic measurements. In our preliminary spectroscopic measurements, a substantial spectral simplification was observed in the CF 3 C 2 H:Ar samples during the first few microseconds, as illustrated in Figures 1-3 . Selected short scans of C 2 H 2 :Ar samples at the same 1:1 mixing ratio and total pressure of 1 Torr showed the same transitions, different initial relative intensities, a more rapid decay, but no significant differences in the decay rates of the lines assignable to ground state levels and other unassigned lines that behaved like hot bands in the CF 3 C 2 H:Ar sample. We now attribute this behavior to the dominance of the reaction of C 2 H with C 2 H 2 in competition with less efficient vibrational relaxation by either Ar or C 2 H 2 . We believe most of the reactive loss seen under these conditions is occurring from vibrationally excited C 2 H. and was assigned to the vibrational combination level of X state. The standard deviation for the fit of this band is smaller than the other two observed bands in this region, possibly reflecting its less mixed character. We estimate the overall intensity ratio between the three bands at 6696, 7088 and 7110 cm −1 is about 1:4:2, respectively, which is in good agreement with the calculated intensity ratios.
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Neglecting small nuclear hyperfine coupling effects, the observed discrete J-dependent perturbations require perturbing levels of the same J and parity to lie nearby in energy. By examining plots (Figure 7 ) of observed−calculated energies against N (N + 1), for the upper 2 Σ + state of the band at 7088 cm −1 , local perturbations at J = 6.5 (− parity), J = 8.5
(+ parity), and for all J associated with N ≥ 15 can be seen. For the first two levels, only one J-component of a given N is perturbed, implying that the perturbing level must belong to a state where the parity does not 50 alternate with N , i.e. probably a nearby 2 Π state.
However, the observed 2 Π state at 7110 cm −1 is not the perturber because J = 6.5 (− parity) of the 2 Σ + state is pushed down by a state that has J = 6.5 at higher energy, while the J = 6.5 (− parity) of the 7110 cm −1 2 Π state has a lower energy, by approximately 0.5 cm −1 , as shown in Figure 8 . The observed 2 Π state level in question is also perturbed and pushed down in energy, as can be seen in Table III . Similarly, J = 8. Above N = 15, the 7088 cm −1 2 Σ + state suffers a much larger perturbation as can be seen in Figure 7 . This perturbation affects both + and − parity levels equally so is qualitatively different to that seen for the two lower rotational levels. However, at these J-values, all C 2 H states will be close to case(b), and so the arguments used to infer the character of the perturber above cannot be applied. The For example at the position of P 1 (12.5) and P 2 (11.5), the observed spectroscopic features are barely above the noise. This unusual intensity pattern is not unknown for vibronic transitions involving 2 Π and 2 Σ + states 61 and occurs when ∆Λ = ±1 perturbations are present. The P QR branch intensity pattern for transitions terminating in the mixed level can be very complex. However, the ∆Λ = ±1 perturbation always affects the intensity of ∆J =+1 (R-branch) and −1(P -branch) in the opposite direction. If the perturbation is strong, a whole branch (e.g R-branch) can be missing while the other (e.g. P -branch) gets much higher intensity as was observed in NCO by Dixon 62 .
The numerous additional lines observed in the prompt spectrum of the recorded region are likely hot bands of C 2 H. From the generally reliable excited vibronic energies calculated by Tarroni and Carter 43 and experimental rotational constants for many low-lying excited levels, we may hope to identify some of these additional bands using combination differences, although we have so far been unsuccessful in this attempt. Clearly, the kinetic analysis of vibronic relaxation would be more compelling with secure spectral assignments.
B. Energy Transfer and Reactivity
Because many free radicals are formed with substantial internal energy, and undergo rapid reactions that can compete with relaxation, there is recent interest in improving theoretical treatments of non-thermal effects in combustion 63, 64 and atmospheric chemistry. 
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Previous studies have shown dramatically increased reactivity of unrelaxed 54 Figure 5 and even more so in Figure 4 for CF 3 C 2 H suggest that slowing down the relaxation of the hot radicals at lower buffer pressure inhibits the reactive loss. Such behavior can be expected for a barrierless association followed by a submerged barrier to fragmentation.
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A comparison of the transient spectra of hot and cold band lines following C 2 H 2 photodissociation similar to our Figure 6 was reported by Yan, et al. 36 This work has been widely cited 16, 17, 19 as evidence that in the presence of 20 Torr He, the vibrational thermalization of C 2 H will be complete in less than a microsecond. Without fully reproducing the conditions of Yan al. 36 we cannot be certain, but it appears likely that in the 3.5% mixture of acetylene and He used for this measurement, the disappearance rate of vibrationally excited C 2 H is dominated by reaction with C 2 H 2 rather than vibrational relaxation by He. At the lower acetylene pressures typically used in subsequent kinetic experiments, the reactive loss is suppressed and vibrational excitation can be expected to persist to longer times. SF 6 has often also been added to test gas mixtures to accelerate vibrational relaxation, although several workers have reported that it was found to have no effect on ground state kinetic spectroscopy of C 2 H and was therefore left out. 16, 19, 20, 23 Until future experiments are able to provide a direct monitor of the vibrational relaxation, we can only echo a summary statement from Laufer and 
